We show that Cdc6, an essential initiation factor for DNA replication, undergoes caspase-3-mediated cleavage in the early stages of apoptosis in HeLa cells and SK-HEP-1 cells induced by etoposide, paclitaxel, ginsenoside Rh2, or tumor necrosis factor-related apoptosis-inducing ligand. The cleavage occurs at the SEVD 442 /G motif and generates an N-terminal truncated Cdc6 fragment (p49-tCdc6) that lacks the carboxy-terminal nuclear export sequence. Cdc6 is known to be phosphorylated by cyclin A-cyclin dependent kinase 2 (Cdk2), an event that promotes its exit from the nucleus and probably blocks it from initiating inappropriate DNA replication. In contrast, p49-tCdc6 translocation to the cytoplasm is markedly reduced under the up-regulated conditions of Cdk2 activity, which is possibly due to the loss of nuclear export sequence. Thus, truncation of Cdc6 results in an increased nuclear retention of p49-tCdc6 that could act as a dominant negative inhibitor of DNA replication and its accumulation in the nucleus could promote apoptosis. Supporting this is that the ectopic expression of p49-tCdc6 not only promotes apoptosis of etoposide-induced HeLa cells but also induces apoptosis in untreated cells. Thus, the caspase-mediated cleavage of Cdc6 creates a truncated Cdc6 fragment that is retained in the nucleus and induces apoptosis.
INTRODUCTION
The Cdc6 protein plays an essential role in the initiation of DNA replication at discrete chromosomal locations during the S phase of the cell cycle (Dalton and Whitbread, 1995; Lei et al., 1996; Williams et al., 1997; Yan et al., 1998) . Overexpression of Cdc6 induces endoreplication and hence polyploidization in HEL cells, Schizosacchromyces pombe, and Arabidopsis thaliana (Nishitani and Nurse, 1995; Castellano et al., 2001; Bermejo et al., 2002) . In S. pombe, overexpression of Cdc6/Cdc18 results in rereplication without mitosis (Nishitani and Nurse, 1995) , whereas depletion of Cdc6/Cdc18 prevents replication initiation and results in reductional mitosis in which cells randomly segregate their unreplicated chromosomes (Piatti et al., 1995) . Cdc6 is phosphorylated by cyclin A-cyclin dependent kinase 2 (cyclin A-Cdk2) at Nterminal CDK phosphorylation sites (Jiang et al., 1999; Petersen et al., 1999) , an event that is thought to facilitate its translocation from the nucleus to the cytoplasm and hence prevent reinitiation of replication during the S and G2 phases (Petersen et al., 1999; Delmolino et al., 2001) . The conformational changes induced by Cdc6 phosphorylation may unmask the C-terminal nuclear export signal (NES) required for the nuclear export (Delmolino et al., 2001) . Overexpression of a mutant form of Cdc6/Cdc18 lacking CDK phosphorylation sites leads to the nuclear accumulation of the protein and a dramatic increase in rereplication (Liang and Stillman, 1997) . Thus, rereplication of chromosomes can be induced in the absence of cell division by a mechanism that involves preventing the cytoplasmic translocation of Cdc6.
The rereplication of chromosomes seems to be functionally linked to apoptotic cell death because polyploid cells undergo apoptosis after prolonged spindle disruption (Casenghi et al., 1999; Hong et al., 1999; Verdoodt et al., 1999) . This suggests that aberrant Cdc6 regulation may contribute to apoptosis induction. A growing body of evidence suggests that an important feature of apoptosis is the disruption of the link between DNA synthesis and CDK activity that results in the unscheduled activation of CDKs in the presence of unreplicated or partially replicated chromosomes (Shi et al., 1994; reviewed in Guo and Hay, 1999; Hakem et al., 1999; Jin et al., 2000) . Recent studies have demonstrated that CDKs, which are cell cycle regulators, play an essential role in executing the apoptosis in human umbilical vein endothelial cells, HeLa, and SK-HEP-1 cells that is induced by various apoptosis-inducing reagents (reviewed in King and Cidlowski, 1998; Park et al., 1998; Hakem et al., 1999; Levkau et al., 1999; Jin et al., 2000) . It may be that the up-regulation of CDK activity during apoptosis causes an unscheduled phosphorylation of Cdc6, which may subsequently induce an unscheduled cytoplasmic translocation of phospho-Cdc6 in the cells. Intriguingly, during the early stages of apoptosis induced by tumor necrosis factor-␣ and cycloheximide, human Cdc6 is rapidly cleaved by the caspase-dependent pathway; cleavage is also ensured by a separate proteasome-dependent pathway in cells undergoing apoptosis induced by the DNA-damaging drug adozelesin (Blanchard et al., 2002) . The cleavage of Cdc6 has been suggested to be a primordial response that uncouples DNA replication from the cell cycle (Blanchard et al., 2002) . How-ever, the means by which Cdc6 is cleaved and the functional relevance of this event to apoptosis are not fully understood. Thus, we asked whether the subcellular localization of Cdc6 protein is affected by the up-regulation of cyclin A-Cdk2 activity or by the proteolytic cleavage during apoptosis and if so, whether these alterations might be functionally linked to the induction of apoptosis.
Herein, we show that Cdc6 undergoes site-specific cleavage by a caspase-3-like protease during the early stages of apoptosis in HeLa cells and SK-HEP-1 cells treated with several inducers of apoptosis. We found that this cleavage resulted in the nuclear accumulation of a Cdc6 fragment that contains all known sites necessary for forming prereplication complex. That ectopic expression of the cleaved fragment (p49-tCdc6) not only markedly promotes apoptosis in etoposide-treated cells but also induces apoptosis in untreated cells suggests that the accumulation of p49-tCdc6 contributes to the induction of apoptosis.
MATERIALS AND METHODS

Materials
Ginsenoside Rh2 (G-Rh2) was kindly provided by Dr. D.H. Kim (Kyung Hee University, Seoul, Korea). Etoposide and paclitaxel were obtained from Sigma-Aldrich (St. Louis, MO), whereas necrosis factor-related apoptosis-inducing ligand (TRAIL) and the caspase-3 inhibitor z-DEVD-fmk were from Calbiochem (San Diego, CA). Other caspase inhibitors, the fluorogenic caspase substrate, and recombinant caspases were from BD Biosciences (San Jose, CA). Other chemical reagents were from Sigma-Aldrich. DMEM and calf serum were from Invitrogen (Carlsbad, CA). The transfection reagent Polyfect was from QIAGEN (Valenica, CA) and annexin-V-Alexa 568 was from Roche Diagnostics (Indianapolis, IN).
Cell Culture and Induction of Apoptosis
Human cervical carcinoma (HeLa) and human hepatoma (SK-HEP-1) cells were maintained at 37°C and 5% CO 2 as a monolayer culture in DMEM supplemented with 10% (vol/vol) heat-inactivated calf serum, 100 U ml Ϫ1 penicillin, 100 g ml Ϫ1 streptomycin, and 250 ng ml Ϫ1 amphotericin B. Cells (1 ϫ 10 6 ) were seeded on 100-mm Petri dishes and incubated for 24 h at 37°C. The medium was then exchanged with 10% calf serum-supplemented DMEM containing 85 M etoposide, 80 nM paclitaxel, or 43 M TRAIL. For treatment with G-Rh2, the culture medium was exchanged with serum-free DMEM containing G-Rh2. HeLa cells were treated with z-DEVD-fmk in the presence of 12 M G-Rh2 for 2 h.
Preparation of Nuclear Extracts and Immunoblot Analysis
Nuclear extracts were prepared from cells in lysis buffer (10 mM HEPES, pH 7.4, 10 mM KCl, 2 mM MgCl 2 , 5 mM EGTA, 25 g ml Ϫ1 leupeptin, 5 g ml Ϫ1 pepstatin A, 1 mM phenylmethylsulfonyl fluoride [PMSF] , 40 mM ␤-glycerophosphate, 1 mM dithiothreitol [DTT]) as described previously (Buckley et al., 1999) . Briefly, nuclei were collected by centrifugation through 30% sucrose (800 ϫ g, 10 min at 4°C) and resuspended in radioimmunoprecipitation assay buffer (150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris pH 8.0, 20 mM ␤-glycerophosphate, 50 mM NaF, 1 g ml Ϫ1 leupeptin, 1 g ml Ϫ1 antipain, 1 g ml Ϫ1 pepstatin A, 0.1 mM PMSF). For Western blot studies, nuclear lysates were centrifuged at 12,000 rpm for 15 min at 4°C, and the supernatants were collected. After adjusting the protein concentration (bicinchoninic acid assay; Pierce Chemical, Chester, United Kingdom), cell lysates were boiled and resolved by 12% SDS-PAGE before Western blot analysis with appropriate antibodies. Anti-Cdc6 monoclonal antibody raised against full-length Cdc6 of human origin (Santa Cruz Biotechnology, Santa Cruz, CA). Polyclonal anti-poly(ADP-ribose) polymerase (PARP), anti-Cdk2, and monoclonal anti-cyclin A were from Santa Cruz Biotechnology. Monoclonal anti-FLAG was from Upstate Biotechnology (Lake Placid, NY). Immune complexes were revealed using ECL Western blotting detection reagents (Amersham Biosciences, Piscataway, NJ).
Plasmids
Human Cdc6 cDNA and the vector pCS2ϩGFP were kindly provided by Drs. R.S. Williams (University of Texas Southwestern Medical Center, Dallas, TX) and K.Y. Lee (Chungbuk National University, Cheongju, Korea), respectively. For in vitro translation, Cdc6 cDNA was generated by PCR using 5Ј-AAG-GATCCCCTCAAACCCGATCCCAG-3Ј and 5Ј-AAGGATCCTTAAGGCAA-TCC AG-3Ј (with added BamHI sites) and inserted into pCITE-4c (ϩ) (Novagen, Madison, WI) . Converting the Asp 502, Asp 442, Asp 404, Asp 324, and Asp 286 residues into Asn was accomplished by altering the Asp codons GAT or GAC into the Asn codons AAT or AAC, respectively, by the megaprimer method (Sambrook and Russell, 2001 ). The mutation was first introduced by polymerase chain reaction (PCR) with mutagenic primers (5Ј-GCGGCTGT-GAACCAGTCAGAG-3Ј, 5Ј-TCAGAA GTTAATGGTAACAGG-3Ј, and 5Ј-GTAGAGTCAAATGTCAAAAGC-3Ј), the reverse primer (5Ј-AAGGATCCT-TAAGGCAATCCAG-3Ј), and the forward primer (5Ј-AAGG ATCCC-CTCAAACCCGATCCCAG-3Ј) and the products were cloned into pCITE-4c (ϩ). All mutant sequences were confirmed. To monitor mammalian expression, we fused Cdc6 to green fluorescent protein (GFP) or FLAG by amplifying full-length Cdc6 cDNA (encoding aa 1-560) or Cdc6 1-442 cDNA (encoding aa 1-442) and inserting the products in-frame into pCS2ϩGFP or pCS2ϩFLAG. Full-length human cyclin A cDNA generated by reverse transcription-PCR (by using oligo 5Ј-AAGGATCCAGCCTATTCTTTGGCC-3Ј and 5Ј-AAGGATCCGGCAG CTGGCATCATTAATAC-3Ј) with BamHI site at the 5Јand 3Ј ends was cloned into the pCMV expression vector. Human Cdk2-dn cDNA was kindly provided by Dr. Ewen Mark (Dana-Farber Cancer Institute, Harvard Medical School, Boston, MA).
Coupled In Vitro Transcription/Translation of Cdc6 and In Vitro Cleavage Assay
The in vitro transcription and translation of cDNAs encoding the human Cdc6 protein and the Cdc6 substitution mutants were carried out with the TNTcoupled reticulocyte lysate system (Promega, Madison, WI) according to the manufacturer's protocols. For in vitro cleavage by recombinant caspases, 2 l of [
35 S]methionine-labeled Cdc6 was incubated with 100 ng of recombinant caspases and 3 l of 10ϫ assay buffer (1ϫ buffer: 20 mM HEPES pH 7.5, 10 mM KCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 0.1 mM PMSF) at 30°C for 1 h in the presence or absence of caspase inhibitors. The total reaction volume was 30 l. Cleavage products were resolved by 12% SDS-PAGE and visualized by autoradiography.
Transfection and Fluorescence Microscopy Analysis
HeLa cells were seeded on 35-mm culture plates or slides at a density of 5 ϫ 10 4 cells ml Ϫ1 for 24 h before transfection with 3 g of the appropriate plasmids using Polyfect (QIAGEN) according to the manufacturer's instructions. Live cells were visualized by fluorescence microscopy (IMT-2; Olympus, Tokyo, Japan). For 4,6-diamidino-2-phenylindole (DAPI) staining, cells were fixed in 4% paraformaldehyde solution (Sigma-Aldrich, St. Louis, MO) for 10 min at room temperature 36 h after transfection, treated with DAPI solution (Partec, Mü nster, Germany) for 10 min at 37°C, and washed twice with phosphate-buffered saline (PBS). Images were made with a camera connected to a fluorescence microscope (BH2-RFCA; Olympus).
Fluorescence-activated Cell Sorting (FACS) Analysis
Cells expressing GFP-tagged proteins were treated with or without 85 M etoposide and then were washed in PBS, trypsinized, fixed in 75% ethanol, stained with 500 l of 50 g/ml propidium iodide solution, and subjected to FACS analysis (particle analyzing System PAS-III; Partec). To differentiate the transfected cells from untransfectants, transfected cells were sorted by a technique of gating a subpopulation of cells by forward scatter versus side scatter, followed by gating green fluorescence intensity. GFP-expressed cells were selectively analyzed for the DNA contents with propidium iodide intensity.
Annexin-V Assay
Cells expressing GFP-tagged proteins were treated with or without 85 M etoposide for 12 h and then were trypsinized, washed with PBS, and divided into two tubes. One sample was incubated with 2 l of annexin-V-Alexa 568 in 100 l of incubation buffer (10 mM HEPES/NaOH pH 7.4, 140 mM NaCl, 5 mM CaCl 2 ) for 20 min at room temperature. And, the other sample was resuspended in 100 l of the incubation buffer containing 100 ng of propidium iodide for 20 min at room temperature. The percentage of annexin-V-positive cells and propidium iodide-negative cells among the GFP-expressed cells was then determined by flow cytometric analysis (particle analyzing system PAS-III; Partec). Selective analysis of transfected cells was based on gating a subpopulation of cells by forward scatter versus side scatter, followed by gating green fluorescence intensity. Because the percentages of annexin-V(ϩ) cells indicate the percentages of total death-cells and those of PI(ϩ) cells indicate the sum of death-cells in the late apoptosis and necrosis cells, the apoptotic index of the early apoptotic cell populations was calculated by subtracting % PI(ϩ) from % annexin-V(ϩ).
Fluorometric Caspase-3 Activity Assay
Transfected cell lysates (50 g) were incubated with 200 nM Ac-DEVD-AFC in reaction buffer (20 mM HEPES pH 7.4, 100 mM NaCl, 10 mM DTT, 0.1% CHAPS, 10% sucrose) at 37°C for 1 h. The reaction was monitored by fluorescence emission at 535 nm (excitation at 405 nm).
Cotransfection
HeLa cells were transfected in 35-mm dishes with 1.5 g of the appropriate plasmids by using 12 l Polyfect (QIAGEN) according to the manufacturer's instructions and harvested 24 h later in lysis buffer (0.5% Triton X-100, 20 mM Tris pH 7.5, 2 mM MgCl 2 , 1 mM DTT, 1 mM EGTA, 50 mM ␤-glycerophosphate, 25 mM NaF, 1 mM Na 3 VO 4 , 2 g ml Ϫ1 leupeptin, 2 g ml Ϫ1 pepstatin A, 100 g ml Ϫ1 PMSF, 1 g ml Ϫ1 antipain). Translocation analysis of HeLa cells was performed 24 h after transfection by using the DAPI staining solution as described above.
RESULTS
The Cdc6 Protein Is Specifically Cleaved Early in Apoptosis by a Caspase-3-like Protease to Produce a 49-kDa Fragment
We first monitored the fate of Cdc6 during apoptosis in etoposide-treated HeLa cells. Immunoblot analysis with nuclear extracts showed that the 62-kDa Cdc6 molecule is specifically cleaved into a smaller fragment with a relative molecular weight of 49 kDa with kinetics similar to that of the proteolytic cleavage of PARP ( Figure 1A ). Similar observations were made with HeLa cells treated with paclitaxel or ginsenoside Rh2 (G-Rh2) and SK-HEP-1 cells treated with TRAIL ( Figure 1 , B-D). In the etoposide-treated cells, the 49-kDa fragment of Cdc6 was further cleaved into a smaller 36-kDa fragment during later stages of apoptosis, but this cleavage was not detected in the other cases. The Cdc6 cleavage induced by G-Rh2 treatment was prevented by adding the caspase 3 inhibitor, z-DEVD-fmk, to the cell culture ( Figure 2A ).
We next examined the effect of incubating in vitro-translated [
35 S]methionine-labeled Cdc6 with extracts of cells treated with etoposide, paclitaxel, or G-Rh2 ( Figure 2B ). We found that Cdc6 was cleaved by all extracts, and this cleavage was effectively prevented by cotreatment with the inhibitor of caspases 3 and 7 (Ac-DEVD-cho), whereas the caspase 6 inhibitor (Ac-VEID-cho) and the caspase 8 inhibitor (Ac-IETD-cho) had no such effect ( Figure 2B ). Furthermore, when labeled Cdc6 was incubated with various recombinant caspases, it was efficiently cleaved into fragments with the apparent molecular weights of 49 and 36 kDa by caspases 3 and 7 but not by caspases 6, 8, and 9 ( Figure 2C ). This cleavage was completely prevented by Ac-DEVD-cho ( Figure 2C ). Thus, Cdc6 protein is specifically cleaved by a caspase-3-like protease during the early stages of apoptosis.
Identification of the Caspase-3-dependent Cdc6 Cleavage Site
To identify the Cdc6 cleavage site, we searched for a caspase-3 cleavage motif (DXXD2 followed by a small amino acid) in a region whose cleavage would generate a 49-kDa fragment. We found three possible candidate sequences, namely, VESD 404 /V, SEVD 442 /G, and AAVD 502 /Q ( Figure 3A) . We used site-directed mutagenesis to substitute asparagine for the aspartic acid residues in each of the candidate sites and generated three [
35 S]methionine-labeled Cdc6 mutant proteins, D502N, D442N, and D404N, by in vitro translation ( Figure 3A ). Recombinant caspase-3 effi- ciently cleaved wild-type Cdc6 (Cdc6-wt) and the D502N and D404N mutant proteins into both fragments, 49 and 36 kDa ( Figure 3B ). In contrast, the D442N mutant was much less efficiently cleaved, and those cleavages that did occur generated only the 36-kDa fragment. In addition, although Cdc6-wt was degraded by incubation with apoptotic cell lysates induced by etoposide, paclitaxel, or G-Rh2 treatment, the D442N mutant protein was markedly resistant to this degradation ( Figure 3C ). In an attempt to identify the cleavage site resulting in the 36-kDa fragment, we tested whether DEMD 286 /Q and DLTD 324 /R, which have a DXXD motif, can be cleaved by caspase-3. All mutant proteins were cleaved by recombinant caspase-3 as well as Cdc6-wt, indicating that these sites are not caspase-3 cleavage sites (our unpublished results).
Interestingly, the caspase-3 cleavage site SEVD 442 /G is located near an NES motif in the Cdc6 carboxy terminus and is also found in the murine Cdc6 protein ( Figure 3D ). Moreover, the N-terminal p49-tCdc6 fragment that results from cleavage at this site contains most of the known Cdc6 functional domains (Herbig et al., 1999; Petersen et al., 1999; Takei et al., 1999; Takayama et al., 2000; Delmolino et al., 2001) , including the cyclin A-Cdk2 phosphorylation sites, the NLS motif, the ATPase domain, and the leucine zipper ( Figure  3E ). This fragment lacks only the carboxy-terminal NES motif ( Figure 3E ). The pattern of these structural features led us to hypothesize that p49-tCdc6 can enter the nucleus and form a prereplication complex but cannot be exported to the cytoplasm during apoptosis.
The p49-tCdc6 Is Efficiently Phosphorylated by Cyclin ACdk2 in HeLa Cells but Its Cytoplasmic Translocation Is Markedly Suppressed
We next tested whether translocation of the p49-tCdc6 protein to the cytoplasm is perturbed due to the absence of the NES, causing it to be trapped in the nucleus. To this end, HeLa cells were transfected with pCS2ϩ plasmids expressing GFP, GFP-tagged Cdc6-wt, or p49-tCdc6 protein to- (Herbig et al., 1999; Petersen et al., 1999; Takei et al., 1999; Takayama et al., 2000; Delmolino et al., 2001) .
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Vol. 14, October 2003gether with pCMV plasmids expressing mock, cyclin A, or Cdk2-dn. The subcellular locations of the GFP-tagged proteins were then assessed (Figure 4, A and B) . In the mocktransfected cells, Cdc6-wt was localized in the nucleus in 70.5% of the cells and in the cytoplasm in 29.5% of the cells. However, when cyclin A was coexpressed, these subcellular localizations were markedly shifted to 5.7% in the nucleus and 94.3% in the cytoplasm. In contrast, when Cdk2-dn, a dominant negative mutant version of Cdk2, was coexpressed with Cdc6-wt, the latter protein was in the nucleus in 99.4% of the cells and in the cytoplasm in only 0.6% of the cells ( Figure 4B) . Thus, the cytoplasmic translocation of Cdc6-wt seems to be mainly regulated by cyclin A-Cdk2-mediated phosphorylation. When we assessed the location of p49-tCdc6 in mock-transfected cells, we found that it occurred in the nucleus in 89.4% of the cells and in the cytoplasm in 10.6% of the cells, indicating that the loss of the NES from the Cdc6-wt suppresses the normal cytoplasmic translocation by 18.9% (Table 1) . When cyclin A was coexpressed with p49-tCdc6, there was again a shift to cytoplasmic localization but it was less dramatic than that was observed with Cdc6-wt: 61.5% of the cells showed a nuclear localization (versus 5.7% for Cdc6-wt), whereas 38.5% showed a cytoplasmic localization (versus 94.3% for Cdc6-wt). However, like Cdc6-wt, the cytoplasmic translocation of p49-tCdc6 was almost completely prevented by expressing Cdk2-dn, resulting in a nuclear localization in 99.9% of the transfected cells ( Figure 4B and Table 1 ). Thus, the enhanced cytoplasmic translocation of Cdc6-wt due to up-regulated cyclin A-Cdk2 activity is suppressed by 55.8% when the NES is absent from the protein. Immunoblot analysis showed that Cdc6-wt and p49-tCdc6 exhibit similarly retarded gel mobilities when they are prepared from cells that coexpress cyclin A, whereas these proteins show normal mobility when they are prepared from cells that coexpress Cdk2-dn ( Figure 4C ). This indicates that Cdc6-wt and p49-tCdc6 are both phosphorylated by cyclin A-Cdk2. Thus, together our data show that although Cdc6-wt and p49-tCdc6 must be phosphorylated before they can be translocated into the cytoplasm, the loss of the NES reduces the efficiency of this phosphorylation-driven translocation.
p49-tCdc6 Expression in HeLa Cells Enhances Their Etoposide-induced Apoptosis
To investigate the functional significance of the caspase-3-mediated cleavage of Cdc6 during apoptosis, we asked Figure 4 . The p49-tCdc6 protein is phosphorylated by cyclin A-Cdk2 in HeLa cells, but its cytoplasmic translocation is markedly impaired. Cells were cotransfected with 1.5 g of pCS2ϩGFP-mock, 1.5 g of pCS2ϩGFP-Cdc6-wt, or 1.5 g of pCS2ϩGFP-p49-tCdc6 together with 1.5 g of pCMV-mock (M), pCMV-cyclin A (CyA), or pCMV-DN-Cdk2 (DN), as indicated. (A) After 24 h, cells were fixed and stained with DAPI. (B) The percentages of transfected cells exhibiting nuclear and cytoplasmic locations were determined; data are expressed as means Ϯ standard deviations from three determinations obtained in each of three experiments. (C) After 24 h, cell extracts were prepared, resolved by 10% SDS-PAGE, and subjected to immunoblot analysis with specific antibodies against Cdc6, cyclin A, Cdk2, and ␤-actin. whether p49-tCdc6 influences the progression of etoposideinduced apoptosis in HeLa cells. Indeed, ectopic expression of the truncated protein but not Cdc6-wt effectively promoted apoptosis in these cells ( Figure 5 ). Expression of p49-tCdc6 caused marked morphological changes, such as membrane blebbing and cell shrinkage, in 80% of the cells, whereas such changes occurred in Ͻ20% of cells transfected with either a Cdc6-wt expressing plasmid or vector alone ( Figure 5A) . Similarly, the rates of DNA condensation and fragmentation, also typical features of apoptotic cells, were markedly increased by the expression of p49-tCdc6 in etoposide-treated cells ( Figure 5B ). Flow cytometric analysis also showed that the proportion of the subG1 phase in GFP-expressed cells was increased to 16% by the expression of p49-tCdc6 ( Figure 5, C and D) . To provide further evidence, we also examined the externalization of phosphatidylserine (PS) in p49-tCdc6 expressed cells. Using Alexa 568 -labeled annexin-V antibody, we analyzed the percentage of early apoptotic cells in cells expressing the GFPtagged proteins after treatment with etoposide. The results clearly showed that overexpression of p49-tCdc6 markedly promotes the early apoptotic cell death by three-to fourfold compared with those of the mock and Cdc6-wt transfectants after treatment with etoposide ( Figure 5 , E and F). Thus, p49-tCdc6, but not Cdc6-wt, promotes apoptosis in etoposide-treated HeLa cells.
Expression of p49-tCdc6 Induces Apoptosis in HeLa Cells in the Absence of Extracellular Apoptotic Stimuli
We noted that the apoptosis-associated changes in cell morphology, membrane blebbing, and DNA condensation occurred significantly more frequently in untreated control cells expressing p49-tCdc6 than those expressing Cdc6-wt ( Figure 5, A and B) . We thus examined more closely whether p49-tCdc6 expression can trigger apoptosis in untreated HeLa cells. Surprisingly, cells expressing p49-tCdc6 exhibited all the morphological changes of cells committed to apoptosis, such as cell rounding, shrinkage, and membrane blebbing. The number of cells with membrane blebbing increased by 70% in a time-dependent manner in the 24 to 48 h after transfection. In contrast, cells transfected with the Cdc6-wt expression plasmid or the vector exhibited a minimal increase in the percentage of such cells ( Figure 6A) . Moreover, FACS analysis showed that the sub-G1 proportion of cells expressing GFP-tagged p49-tCdc6 increased up to 20% in a time-dependent manner over the course of 48 h, whereas the sub-G1 proportion of cells transfected with the Cdc6-wt expression plasmid or the vector was Ͻ10% ( Figure  6 , B and C). In addition, the results from an annexin-V assay also showed that the early apoptotic cell populations increases up to threefold in cells overexpressing p49-tCdc6 compared with the populations in cells overexpressing Cdc6-wt or the mock plasmid (Figure 6, D and E) . We further characterized apoptosis-related phenomena in the transfected cells by assessing the degree of PARP cleavage and by measuring caspase-3 activity. The expression of p49-tCdc6 elevated the caspase-3 activation observed 36 -48 h after transfection by more than twofold ( Figure 6F ), whereas these changes were minimal in cells expressing Cdc6-wt and in control cells. Similarly, PARP cleavage was also significantly increased in cells overexpressing p49-tCdc6 ( Figure  6G ). Thus, the ectopic expression of the p49-tCdc6 protein can induce apoptosis of HeLa cells in the absence of any apoptotic stimuli.
DISCUSSION
Herein, we show that the Cdc6 protein undergoes a sitespecific cleavage mediated by a caspase-3-like protease during the early stages of apoptosis in HeLa cells and SK-HEP-1 cells that have been treated with etoposide, paclitaxel, GRh2, or TRAIL. The cleavage of Cdc6 thus seems to be a general phenomenon that occurs in apoptosis. A previous report showed that Cdc6 is proteolytically degraded by a proteasome-dependent pathway during the early stages of programmed cell death induced by the DNA-damaging drug adozelesin or by a distinct caspase-dependent pathway in cells undergoing apoptosis (Blanchard et al., 2002) . In this study, we found that Cdc6 is a direct substrate for a caspase-3-like protease, as indicated by the site-specific cleavage of [ 35 S]methionine-labeled Cdc6 by recombinant caspase-3. Furthermore, this cleavage is effectively blocked by a specific caspase-3 inhibitor. Finally, the Cdc6 D442N mutant protein is not cleaved by either recombinant caspase-3 or apoptotic cell extracts (Figure 3) , which indicates that the SEVD 442 /G motif is the caspase-3 cleavage site. This motif loosely conforms to the caspase-3 consensus recognition motif (DXXD2 followed by a small amino acid residue). Similar caspase-3 cleavage motifs have been identified elsewhere, including SHVD/G, SSTD/S, and SEPD/S in p21-activated kinase 2, prointerleukin-16, and steroid response elementbinding proteins, respectively (reviewed in Earnshaw et al., 1999) .
Our data are consistent with an earlier report that human Cdc6 is specifically cleaved at SEVD 442 /G in several human cell lines (HeLa, HL60, and MCF-7) during apoptosis induced by etoposide treatment (Pelizon et al., 2002) . This latter report showed that this cleavage generates three products with apparent molecular masses of 52, 45, and 36 kDa and that the cleavage sites for the 52-and 45-kDa products are Asp99 and Asp442, respectively. Herein, we found that cleavage of Cdc6 during apoptosis generated a 49-and a 36-kDa band (Figure 1) . The 49-kDa band was uniformly generated in cells undergoing apoptosis induced by a variety of reagents, whose generation kinetics parallels the cleavage of PARP. This band seems to be equivalent to the 45-kDa fragment described previously (Pelizon et al., 2002) because both fragments are generated by cleavage at the Asp442 site. However, we could not detect the 52-kDa fragment observed by Pelizon et al. (2002) under our experimental conditions. This is possibly due to differences in Cdc6 antibodies used. Interestingly, the 36-kDa band was detected only in cells treated with etoposide but not with paclitaxel, G-Rh2, or TRAIL. However, labeled Cdc6 protein is specifically cleaved in vitro into the 49-and 36-kDa fragments by recombinant caspase-3 ( Figures 2C and 3B) . Therefore, we do not rule out the possibility that the 36-kDa band may not be detectable in some apoptotic cells, possibly because this fragment is highly unstable and is rapidly degraded in these cells. Nevertheless, that Cdc6 is always cleaved into the 49-kDa fragment early in apoptosis induced in different human cell lines by a variety of apoptotic stimuli suggests that this is a crucial event in apoptosis. Supporting this is that the amino acid sequences of the SEVD 442 /G cleavage site and nearby residues in the human Cdc6 protein are well conserved in the murine Cdc6 protein (Figure 3D ), which indicates that the caspase-mediated truncation of Cdc6 and its functional consequences may be conserved among different species.
Notably, the N-terminal p49-tCdc6 protein contains almost all the known Cdc6 functional motifs apart from the Truncated Cdc6 Induces Apoptosis Vol. 14, October 2003 Annexin-V assay was carried out with the transfectants expressing GFP in a time-dependent manner, as described in Figure 5E . (E) The percentage of early apoptotic cells was quantitated, as described in Figure 5F . (F) Cell lysates (50 g of protein) were prepared 24, 36, and 48 h after transfection and incubated with 200 nM Ac-DEVD-AFC in reaction buffer at 37°C for 1 h. The reaction was monitored by fluorescence emission. (G) Nuclear extracts were prepared 36 h after transfection, resolved by 12% SDS-PAGE and subjected to immunoblot analysis by using Cdc6-and PARP-specific antibodies. Shown are the means Ϯ standard deviations of data from three to five experiments.
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Vol. 14, October 2003NES motif. Thus, the p49-tCdc6 protein fragment may be able to translocate into the nucleus and form the prereplication complex but is unable to subsequently translocate to the cytoplasm due to the loss of the NES. Supporting this notion are our experiments examining the cytoplasmic translocation of the Cdc6 protein when the NES is present or absent. We performed these experiments with HeLa cells that have not been treated with apoptotic inducers because the nuclear and cytoplasmic compartments are not well differentiated in shrunken apoptotic cells. We found that the cytoplasmic translocation of Cdc6 is significantly impaired in the absence of the NES even when cyclin A-Cdk2 activity is markedly up-regulated, which normally greatly enhances the cytoplasmic translocation of Cdc6-wt (Table 1 and Figure 4 , A and B). In addition, the cytoplasmic translocations of Cdc6-wt and p49-tCdc6 are differentially regulated under the up-regulated conditions of cyclin A-Cdk activity. When cyclin A is expressed and thereby cyclin A-Cdk2 kinase activity is up-regulated in the cells, the cytoplasmic translocation of p49-tCdc6 relative to Cdc6-wt is reduced by 55.8%, compared with 18.9% in the absence of cyclin A expression, consequently resulting in higher rate of the nuclear retention of p49-tCdc6 than that of Cdc6-wt (Table 1) . However, when Cdc6 phosphorylation is blocked by the coexpression of the dominant-negative version of Cdk2, the cytoplasmic translocation is almost completely prevented, regardless of whether the NES is present or absent (Table 1 and Figure 4 , A and B). These observations reveal several important points. First, the cytoplasmic translocation of Cdc6-wt is mainly regulated by cyclin A-Cdk2-mediated phosphorylation. Second, the loss of the NES suppresses the efficiency of the translocation driven by this phosphorylation. Third, when cyclin A-Cdk2 kinase activity is up-regulated as is during apoptosis, the loss of the NES causes a particularly profound accumulation of the truncated product, even though Cdc6-wt and p49-tCdc6 are equally efficiently phosphorylated ( Figure 4C ). These results support an earlier report that shows that Cdc6 is released from the prereplicative complex upon phosphorylation by cyclin A-Cdk2 and is then exported to the cytoplasm via its C-terminal NES (Delmolino et al., 2001) . Notably, that p49-tCdc6 was still translocated to the cytoplasm, albeit to a lesser extent than the intact protein, strongly suggests that p49-tCdc6 also contains a NES-like sequence. That p49-tCdc6 is generated during early apoptosis and that its cytoplasmic translocation is impaired led us to hypothesize that this phenomenon is functionally linked to the induction of apoptosis. This notion is supported by several observations. First, the caspase-3-mediated cleavage of Cdc6 coincides very well with the onset and continuation of caspase-3 activation and PARP cleavage during apoptosis induced by treatment with different agents (Figure 1) . Second, the truncated Cdc6 protein, which contains functional motifs all known to be required for prereplicative complex formation, accumulates in the nucleus and thus could normally form prereplicative complex. The truncated Cdc6 protein in the prereplicative complex could either act as a dominant negative inhibitor of replication, or initiate unscheduled DNA replication. We speculated that any one of these two possibilities could trigger apoptotic cell death. Unscheduled DNA replication is a typical feature of apoptosis induced by DNA-damaging agents (Blanchard et al., 2002) . In addition, unscheduled DNA replication can result in polypoidy. For example, when DNA is rereplicated in the absence of an intervening mitotic event or in the absence of a regulating mechanism that prevents reinitiation of replication during the S and G2 phases, polyploidy occurs (reviewed in Kirsch-Volders et al., 1998) . Such polyploidy in lymphocytes induced by nocodazole treatment correlates positively with the apoptosis of these cells (Verdoodt et al., 1999) . Thus, the caspase-3-mediated truncation of Cdc6 might induce polyploidy and therefore promote apoptosis. Thus, we examined whether overexpression of p49-tCdc6 protein might induce polyploidy in cells treated with or without etoposide. The results from FACS analysis suggest that overexpression of the truncated Cdc6 protein or Cdc6-wt protein does not induce polyploidy and hence not induce reinitiation of unscheduled DNA replication (Figure 7) . These results are consistent with earlier studies that showed that misregulation of Cdc6 function is not sufficient to induce overreplication in S. cerevisiae and higher eukaryotes, because overreplication is not observed even when an undegradable mutant Cdc6 protein is overexpressed (reviewed in Pelizon, 2003) . These results together with our observations led us to hypothesize that the truncated Cdc6 protein may act as a dominant negative inhibitor of replication, thus promoting apoptotic cell death.
Our observations strongly support the notion that the nuclear accumulation of p49-tCdc6 is functionally linked to the induction of apoptosis. We found that etoposide-in- Cdc6-wt and p49-tCdc6 and then treated for 12 h with 85 M etoposide. FACS analysis was carried out as described in Figure 5C . The percentages of transfected cells with DNA content Ͼ4N were calculated and depicted as a histogram. (B) HeLa cells were transfected with 3 g of pCS2ϩGFP-tagged DNAs and trypsinzed at 24, 36, and 48 h after transfection. FACS analysis was carried out as described in Figure 6B . The percentages of transfected cells with DNA content Ͼ4N were calculated and represented as a histogram. Shown are the means Ϯ standard deviations of data from three to four experiments.
duced apoptosis of cells is markedly increased when p49-tCdc6 is expressed, because there was a fourfold increase in the percentage of cells with membrane blebbing, a twofold increase in the percentage of sub-G1 cells ( Figure 5 , A, C, and D), and a three-to fourfold increase in annexin-V(ϩ) cell populations compared with those of the mock and Cdc6-wt transfectants after treatment with etoposide ( Figure 5 , E and F). The results clearly suggest that overexpression of p49-tCdc6, but not of Cdc6-wt, markedly promotes the early apoptotic cell death by three-to fourfold compared with those of the mock and Cdc6-wt transfectants after treatment with etoposide ( Figure 5, E and F) .
Importantly, the apoptotic progression, as indicated by membrane blebbing ( Figure 6A ) and the increases in the annexin-V(ϩ) populations and the sub-G1 fraction, is also significantly enhanced in p49-tCdc6 -expressing cells that are not treated with etoposide ( Figure 6 , B-E). Caspase-3 activity and therefore PARP cleavage are also increased in untreated p49-tCdc6-expressing cells (Figure 6, F and G) . In contrast, expression of Cdc6-wt or the vector does not significantly induce apoptosis. Thus, p49-tCdc6 indeed can induce apoptosis in the absence of any apoptotic stimuli, indicating that the nuclear accumulation of p49-tCdc6 may play an important role in the induction of apoptosis.
In summary, we propose that the caspase-3-mediated cleavage of Cdc6 regulates the subcellular localization of the protein and that the consequent nuclear accumulation of the p49-tCdc6 protein is functionally linked to apoptosis in cells treated with known inducers of apoptosis.
